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Abstract 
The purpose of this study is to investigate the shock attenuation properties of long pile synthetic turf. To investigate 
these properties using a modeling and simulation method, an appropriate model based on reliable data and a precise 
identification method is required. In previous studies, unstable data were often observed because uneven top yarns 
had sprouted from the infill material. Therefore, the properties of the infill part, buried yarns and infill materials 
should be considered first, because sprouted yarn causes unstable shock attenuation. For this reason, special 
construction specimens with different hardness levels and which had almost no sprouted yarn were prepared, and 
multi-intensity multi-area impact tests and parameter identification were performed for each specimen. The results 
show that stable data could be acquired for parameter identification, and the findings indicate the applicability of the 
modeling and simulation method for evaluating the shock attenuation properties of long pile synthetic turf. 
© 2013 Published by Elsevier Ltd. Selection and peer-review under responsibility of RMIT University 
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1. Introduction 
Long pile synthetic turf has become a popular material for various sports facilities, e.g. for football, 
baseball, rugby and cricket fields. Long pile synthetic turf consists of long yarns planted in the base and 
sand and rubber chips as infill materials for controlling the hardness of the turf. Some sport governing 
bodies regulate the specifications of these new materials to ensure the playing ability and safety of the turf 
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[1]. Although the test method is reproducible and the criteria are very simple, the shock attenuation test 
using a mass-spring model has an issue of ‘particularity’. Furthermore, there have been some suggestions 
that these tests and the evaluation do not express the characteristics of the materials properly because the 
impact force has a complicated curve which shows several peaks, although the impact test assumed a 
single-peak impact force for the evaluation [2]. Therefore, we proposed a model and simulation method to 
evaluate the shock attenuation properties of synthetic sports surfaces. To evaluate the shock attenuation 
using a model and simulation method, a precise model of long pile synthetic turf is required because a 
wide range of impacts are observed in various sports activities [3]. In previous studies, we examined 
whether the proposed impact tester and the viscoelastic model for synthetic surfaces are applicable to long 
pile synthetic turf. We concluded that the test foot of the impact tester placed on the material should be 
guided for its smooth movement. Adding a rod to the test foot resulted in some improvements in the 
observed data [4]. However, unstable data were still observed because irregular yarns sprouted out from 
the infill surface. Therefore, special constructed specimens were used in this study. 
2. Test specimens 
There are two types of test specimens that have the same dimensions and thickness but different levels 
of hardness. Table 1 shows the specifications of these specimens. These specimens have the same base 
sheet, 50-mm-long monofilament yarns, and a 6-mm-thick bottom layer of sand. The difference between 
these specimens is in the composite ratio of infill material in the top layer. The normal-type specimen was 
formed by mixing the sand and rubber chips at a volume ratio of 5:5. On the other hand, the hard-type 
specimen had a corresponding volume ratio of 7:3. Both specimens were installed in square acryl cases 
that were 0.25 m2 in area and had a wall height of 60 mm. These specimens had no sprout yarn from the 
infill materials, as the infill materials were filled up to the upper edge of the yarns. 
Table 1. Specification of the infill material in each sample 
 
3. Method 
3.1. Improved impact test device and test feet 
Figure 1(a) shows a diagram of the improved impact test device and (b) shows a photograph of the area 
around the sensor unit. The test specimen, test foot with rod and sensor unit were placed on a rigid floor. 
The test foot was made of polyacetal resin, which has sufficient stiffness to withstand the impact test, and 
the rod was attached to the top of the test foot. The guideway for the test foot rod was also installed to 
restrict the test foot only to vertical movement. Five test feet were used in this study. All the test feet had a 
cylindrical shape and were 20 mm thick, and their diameters were 45.0, 53.0, 59.5, 65.5 and 71.0 mm, 
respectively. The impact sensor unit consisted of an accelerometer, force transducer and target plate for 
the displacement sensor. The impact weight (5.3 kg) was dropped onto the impact sensor from various 
drop heights. The impact force, impact acceleration and impact deformation were recorded. The impact 
velocity and the deformation were then calculated from the impact acceleration by numerical integration. 
Test specimen 
Length of yarn 
(mm) 
Bottom layer 
sand (mm) 
Top layer (44 mm) 
Volume ratio of sand : Rubber chip 
Normal 50 6 5 : 5 
Hard 50 6 7 : 3 
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It is obvious that the initial value of the integration could be set to 0 because the sensor unit was in a 
completely static state until the weight was dropped onto the sensor unit. Additionally, the impact 
deformation was confirmed by the data from the non-contact displacement sensor. 
 
 
Fig. 1. Diagram of the impact test device and photo of the area around the sensor unit 
3.2. Multi-intensity multi-area impact test 
Twenty multi-intensity impact tests were performed on each test foot. The intensities were controlled 
by the drop height of the drop weight; the height ranged from 5 mm to 100 mm with 5 mm steps. The 
impact points were changed for every impact test to avoid the influence of the earlier impact tests, because 
the impacts, even the lower impacts, scattered the infill materials below the test foot. After 20 impact tests 
in a sequence, the surface of the test specimen was flattened for the next tests. Ultimately, a total of 100 
impact tests were performed on each specimen to identify the parameters for the long pile synthetic turf.  
3.3. Exponential function type nonlinear Voigt model with impact area parameters 
Figure 2 shows the exponential function-type nonlinear Voigt model with impact area parameters for 
the long pile synthetic turf [5]. In this figure, the reaction force of the nonlinear elastic element and that of 
the nonlinear viscous element are represented by the following equations when the impact force F was 
applied to the test specimen via the test foot: 
ܨ െ݉ݔሷ ൌ ݂ ൌ ௞݂ ൅ ௖݂  (1) 
௞݂ ൌ ݏ݅݃݊ሺݔሻ݁௞బା௞భ௫ା௞మఈഁȁݔȁ௣బା௣భ௫ା௣మఈം  (2) 
௖݂ ൌ ݏ݅݃݊ሺݔሶሻ݁௖బା௖భ௫ା௖మ௫ሶ ȁݔȁ௤బା௤భ௫ା௤మ௫ሶ ȁݔሶ ȁ௥బା௥భ௫ା௥మ௫ሶߙ௦బା௦భ௫ା௦మ௫ (3) 
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where m is the mass of the test foot, k0-2 , p0-2 are the parameters of the elastic element, α is the impact 
area, β, γ are the area parameters and c0-2, q0-2, r0-2, s0-2 are the parameters of the viscous element. 
  
 
Fig. 2. Exponential function type nonlinear Voigt model with area parameters for long pile synthetic turf 
3.4. The primary parameter identification with the least-squares method 
In the multi-intensity multi-area impact tests, force, deformation velocity and deformation at every 
sampling moment were acquired as a unified data set that contained 100 impact tests. By using data sets 
with a value of  that were extracted from the unified data set, the parameters in Eq. (2) can be 
identified by the least-squares method, because f equals fk if fc is 0 in Eq. (1). Figure 3(a) shows the data 
sets extracted from the normal test specimen and (b) shows that those extracted from the hard specimen. 
By incorporating the area parameters, α, β and γ, into the proposed model, the force-deformation curve of 
each test foot can follow the force-deformation data well with a set of parameters. To identify the 
parameters of the fc element in Eq. (3), the force fc was calculated by subtracting the estimated force fk 
from the force f at every sampled data set. The least-squares method was then used with the data set of fc 
force, deformation velocity and deformation to calculate the fc parameters. 
 
 
Fig. 3. Extracted data set for calculating elastic parameters in the primary identification and the estimated fk curves in each 
specimen 
3.5. The secondary parameter identification with parameter searching 
While the identified parameters of the fk elements could represent the force-deformation data well as 
shown in Fig. 3, the parameters of the fc element could not represent the viscous behavior well. Therefore, 
the parameter search method was used to improve the identification accuracy, especially in the viscous 
˙ x = 0
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element. The 12 parameters of the viscous elements were searched to minimize the objective function 
defined as below: 
ܴܵܧ ൌ ͳ ݂ҧΤ ටσ ሺ መ݂௜ െ ௜݂ሻଶ ሺ݊ െ ͳሻΤ௡௜ୀଵ   (4) 
ܯܴܵܧ ൌ σ ܴܵܧ௝ ݓΤ௪௝ୀଵ   (5) 
where fi is the experimental force at the moment i, 
ˆ f i is the estimated force at the moment i, f  is the 
average impact force of an impact test and n is the number of data in each impact test. Also, w in Eq. (5) 
is the number of impact tests, i.e., w equals 100 in this study. Eq. (4) and Eq. (5) show the Relative 
Standard Error (RSE) for one trial and the Mean Relative Standard Error (MRSE), which signifies the 
average RSE of all trials, respectively. The MRSE was used as the objective function of the secondary 
identification with parameter searching. Therefore, the parameters were chosen to minimize the MRSE. 
4. Results and discussion 
4.1. Results of primary identification and parameter searching as a secondary identification 
 The primary and secondary identification results for the normal test specimen are shown in Fig. 4. In 
this figure, the dimmed thick line shows the experimental force observed in the highest impact force trial 
with test foot No. 5, the dashed line shows the estimated force acquired by the results of primary 
identification, and the solid lines show the estimated force acquired by the results of secondary 
identification. It is apparent that both of the estimated peak forces calculated using the elastic elements 
were almost the same as the experimental one, but the compression phase and restore phase, especially the 
force of the restore phase acquired by the primary identification, could not follow the experimental force. 
Obvious improvement was observed in the secondary identification. The MRSE values of the normal and 
hard test specimens were 15.94 % and 17.54 %, respectively. 
 
 
Fig. 4. Experimental forces and estimated forces at the highest impact trials in normal test specimen 
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4.2. Shock attenuation properties calculated by dropping mass-spring model 
In the various impact tests, the force reduction (FR) value is often used as an index of the shock 
attenuation. FR values are defined as follows: 
ܨܴ ൌ ሺ݂ᇱ ݂Τ ሻ ൈ ͳͲͲ  (6) 
where ݂ᇱ is the maximum force observed with the cushioned material and ݂ is the maximum force 
obtained with the concrete floor. Figure 5 shows the sample results of shock attenuation properties when 
the mass-spring model was dropped onto the long pile synthetic turf whose parameters were identified by 
this study. The three surfaces indicate the influence of the impact area and impact velocity upon the FR 
values in three kinds of mass-spring models. As shown in Fig. 5, the FR value increased with decreasing 
mass and increased with decreasing impact area and impact velocity. This means that the shock 
attenuation properties of the long pile synthetic turf can be assessed using the viscoelastic modelling and 
simulation method. While the FR values were calculated by using the viscoelastic model identified in this 
study, sprouted yarn must be considered for the next step. 
 
 
 
Fig. 5. The influences of the impact area and impact velocity on the FR values in a particular mass-spring combination  
5. Conclusion 
Multi-intensity multi-area impact tests were performed on long pile synthetic turf which had no 
sprouted yarn, because investigating the properties of the lower part of the synthetic turf should be 
considered as the first step in investigating the shock attenuation properties of the whole material. After 
the secondary identification, the model parameters were obtained properly and the dropping mass-spring 
model simulation was available for the FR values at various impact conditions. 
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